Giant earthquake and tsunami widely disturbed ionospheric plasma via acoustic gravity waves. During the M 9.0 2011 off the Pacific coast of Tohoku earthquake, the ionospheric disturbances were generated by co-seismic epicentral ground/sea surface motion, Rayleigh-wave traveling, and tsunami-wave traveling. In addition, seismo-tsunamigenic ionospheric hole, widely sudden depression of ionospheric total electron content, was observed. The ionospheric hole gradually disappeared within roughly a few tens minutes.
InTroduCTIon
The ionosphere is always affected by solar and magnetospheric activities. The ionosphere is often disturbed by large earthquakes and tsunamis as well (Davies 1990) . When ground and sea surface motion caused by the earthquake and tsunami excites acoustic gravity waves in the atmosphere (see Watada 2009 ), the acoustic gravity waves propagate into the ionosphere and disturb ionospheric plasma. The disturbances originated from the ground/sea surface motion are observed initially with ionosondes and high-frequency (HF) Doppler sounding systems (e.g., Bolt 1964) and recently with measurement using the total electron content (TEC) with Ground Positioning System (GPS) (e.g., Ducic et al. 2003) . As an extraordinary case, the M 9.1 2004 Sumatra-Andaman earthquake (Sumatra EQ) caused large-scale ionospheric disturbances. Co-seismic epicentral ionospheric disturbances associated with rupture processes (Heki et al. 2006) , ionospheric disturbances generated by travelling Rayleigh waves (Liu et al. 2006a ) and tsunami waves (Liu et al. 2006b ) were reported. Furthermore, acoustic gravity wave oscillation between lithosphere and ionosphere was observed for four hours, one hour after the mainshock (Choosakul et al. 2009 ).
The M 9.0 Tohoku earthquake (Tohoku EQ) was a megathrust-type which occurred on March 11 of 2011 at 0546 (universal time: UT) in the western Pacific Ocean. The epicenter was located 72 km away from the Oshika Peninsula and the focal depth was 32 km. The Tohoku EQ resembles the Sumatra EQ in their magnitudes and as a megathurst subduction type. Therefore, the similar large-scale seismogenic and tsunamigenic ionospheric disturbances are expected. In this letter, we briefly report not only the seismo-tsunamigenic ionospheric disturbance but also the seismo-tusnamigenic ionospheric hole in the M 9.0 Tohoku EQ which are observed with GPS-TEC.
obSErvATIon
The GPS is used to measure integrated electron density along a ray path between a satellite and receiver using dual frequency (1575.42 and 1222.60 MHz) radio signals. The integrated electron density, termed slant TEC, is converted to a vertical TEC (henceforth TEC), considering the elevation angle of GPS satellite and assuming that the ionosphere exists as a thin layer at 350 km, termed ionospheric surface (Liu et al. 1996) . Since there are several factors such as the satellite and receiver instrumental biases, we used the Global Ionospheric Map (GIM) developed by the Jet Propulsion Laboratory (Mannucci et al. 1998 ) as a reference to define the biases. Values of instrumental biases are estimated by comparing minimum values of GIM TEC at the receiver location with those of observed TEC approximately from 400 to 600 (local time: LT) (Kakinami et al. 2009 ). The point that the ray path from a GPS satellite to a ground-based receiver intercepts the ionospheric surface is named as a ionospheric point. Each ionospheric point which acts as a monitoring station measuring the TEC is employed to detect the ionospheric disturbances. Footprint of the ionospheric point on Earth's surface is termed subionospheric point (SIP).
GPS data are provided by the Geographical Survey Institute (GSI) of Japan which has installed a nationwide GPS array with more than 1000 receivers, GPS Earth Observation Network (GEONET) (ftp://terras.gsi.go.jp/). Sampling time of the GPS data record is 30 seconds.
rESulT And dISCuSSIon
At the time of mainshock of the Tohoku EQ, several visible satellites were in transit over Japan. For example, six visible satellites (satellite numbers 05, 09, 15, 21, 26 and 27) relayed their elevation angles from one of the receiving stations near the epicenter, 0044, are 29.1°, 54.6°, 67.0°, 41.6°, 40.1°, and 78.5° (Fig. 1a) . Figure 1b shows a time-series of slant TEC of satellite number 26 for four receiving stations after the mainshock with reference TEC curves of the 2-day previous orbit which spatially and temporally corresponds to the orbit of satellite 26. Although Dst indices of both the orbits are about -20 and -80 nT (see World Data Centers for Geomagnetism, Kyoto University, http://wdc.kugi.kyoto-u. ac.jp/dst_realtime/201103/index-j.html), both the slant TEC of satellite 26 show roughly the similar variation but about 30 TECu (1 TECu = 1 × 10 16 electron m -2 ) offset existed at the mainshock time. The difference might be caused by magnetic storm. In the present study, both the EQ-day and reference curves are set up to zero at the time of the mainshock. From two curves from each station, the following features arise. The initial enhancement of TEC with about 1 TECu amplitude appeared about 9 minutes after the mainshock. After this enhancement, a sudden large depression of TEC developed within about 2 minutes. The amplitude of this depression reached about 5 TECu. The depression with a four-minute periodic signature disappeared within roughly 40 minutes at 0044 station. The intensity of the depression was large near the epicenter. Spatial distribution of the slant TEC difference between EQ day and reference day shown in Fig. 2 also indicates that the depression was localized near the epicenter. Figure 3 shows epicentral distance of (a) seismometer and (b) SIP versus UT with the observed intensity and highpass filtered (22.5 min.) TEC difference between EQ day and reference day. The broadband seismograph recorded in the F-net network (National Research Institute for Earth Science and Disaster Prevention; http://www.fnet.bosai.go.jp/) is used. Because from Fig. 3 the velocities of Rayleigh wave and ionospheric disturbance propagation are around 3.4 and 3.0 km s -1 , the initial enhancement of TEC is Rayleigh wave origin. After the ionospheric disturbances were triggered by Fig. 1. (a) Location of receivers and subionospheric points for satellite 26 at the time of the mainshock. Open and solid circles denote GPS receiving stations and the corresponding SIP. The star indicates the epicenter of the Tohoku EQ. The numbers 0044, 0047, 1128, and 0348, assigned as receiving station codes, denote the GPS receiving stations located at Minakami, Gunma prefecture, Minowa, Nagano prefecture, Gifu, Gifu prefecture, and Inagawa, Hyogo prefecture, respectively. (b) Time-series of slant TEC and observed at the four GPS receiving stations after the mainshock of the Tohoku EQ with reference curves (red). Each time-series is drawn with shifting 18 TECu. 
a Rayleigh wave, a few acoustic gravity wave modes appeared with velocities such as 0.75, 0.30, and 0.15 km s -1 . The different origin time estimated from Fig. 3b implies that tsunami-generated acoustic gravity waves were excited.
Based upon a spectrum analysis of a residual slant TEC time-series from least-squares parabolic fitting curve after the mainshock, two predominant periods were found as shown in Fig. 4 . One is around 4.5 mHz, which follows the previous works (e.g., Heki et al. 2006 ). The other is around 0.7 mHz.
The results of this analysis admittedly depend on reference curves. For example, when the different zero points for EQ day and reference day are taken at a different time, a pre-seismic-like signature also appears. In order to avoid a discussion of pre-seismic ionospheric disturbance (see Kamogawa 2006) , the zero point for them is taken at the time of mainshock.
ConCluSIon
Seismo-tsunamigenic ionospheric hole, widely sudden depression of TEC, was observed after the acoustic gravity waves triggered by the Tohoku EQ reached ionospheric surface. The ionospheric hole gradually disappeared within a few tens minutes. Besides the ionospheric disturbances caused by the co-seismic epicentral ground/sea surface motion, Rayleigh-wave traveling, and tsunami-wave traveling, and the giant earthquake produced the ionospheric hole.
